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Summary. We present a comparison of  spacer and 
coding sequences of  histone gene repeats from four 
Strongylocentrotus purpuratus individuals .  Se- 
quences of  two previously cloned units (pCO2 and 
pSp2) were compared with three new histone gene 
clones, two of  them from a single individual. Within 
a 1.7-kb region, 59 polymorphic sites were found 
in spacers, in mRNA nontranslated stretches, and 
at silent sites in codons of  the H4 gene. The per- 
mitted silent-site changes were as frequent as in any 
other region studied. The most abundant polymor- 
phisms were single-base substitutions. The ratio of  
transitions : t ranversions : single-base-pair inser- 
tions/deletions was 3:2:2. A number of  larger in- 
sertions/deletions were found, as well as differences 
in the length of  (CTA)n and (CT)n runs. Two of  the 
five cloned repeats contained an insertion o f a  195- 
bp element that is also present at many other sites 
in the genomes of  every S. purpuratus individual 
studied. Pairwise comparisons of  the different clones 
indicate that the variation is not uniformly diver- 
gent, but ranges from a difference of  0.34% to 3.0% 
of  all nucleotide sites. A parsimonious tree of  an- 
cestry constructed from the pairwise comparisons 
indicates that recombination between the most dis- 
tantly related repeats has not occurred in the 1-2 
million years necessary for accumulation of  the vari- 
ation. The level of  sequence variation found within 
the S. purpuratus population, for both tandemly re- 
peated and single-copy genes, is 25%-50% of  that 
found between S. purpuratus and S. drobachiensis. 
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Introduction 

DNA sequence analysis provides a powerful method 
for investigation of  the phylogenetic relationships 
of organisms, the divergence of  multigene families, 
and the evolution of  gene structure. Few studies 
have compared actual DNA sequences of  alleles of  
a particular gene from a natural population, even 
though such studies are essential if we are to learn 
the nature and extent of  true genetic variation. Al- 
though comparison of  restriction enzyme recogni- 
tion sites can give a rough estimate of  gene diver- 
gence, only direct DNA sequence analysis provides 
definitive information on the sites ofpolymorphism 
and the nature of  the mutational events. 

The histone genes of  the sea urchin constitute a 
multigene family (reviewed most recently by Max- 
son et al. 1983a). Although there are several histone 
gene sets in the sea urchin genome, the genes dis- 
cussed here code for the "early" embryonic H4 his- 
tone. The genes coding for "late" embryonic his- 
tones have a very different sequence and a completely 
different gene organization (Childs et al. 1982; Max- 
son et al. 1983b; J.F. Kaumeyer and E.S. Weinberg, 
manuscript in preparation) and will not be dis- 
cussed. Figure 1A presents a map of  the early em- 
bryonic histone gene repeat. A unit of  6-7 kb con- 
tains sequences coding for the five histone mRNAs; 
these genes are separated from one another by non- 
transcribed spacer DNA. This unit is represented 
several hundred times per haploid genome, mostly 
in a cluster of  tandem repeats. 
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Fig. 1A-C. Map of the histone repeat unit and sequencing strategy. A Organization of the repeat unit. B Enlargement of the H4 
gene region and flanking spacers ofpCO2. The restriction sites found in both pCO2 and 6S35 are indicated; the sequencing strategies 
were identical for both clones. Individual labeling reactions and sequence runs for pC02 are shown below the map. The two upper 
lines of arrows represent one DNA strand; the two lower lines, the other strand. Fragments labeled at the 3' end with the Klenow 
fragment of DNA polymerase I, reverse transcriptase, or T4 polymerase are marked with vertical bars; those labeled at the 5' end 
with polynucleotide kinase are indicated by filled circles. Arrows indicate the direction of sequencing from the labeled end. C The 
H4 gene region and flanking spacers of 7N33. The sequencing strategies for clones 6S46 and 7N33 were identical; the labeling reactions 
for 7N33 are shown. The 195-bp insert is indicated by the dashed parentheses 

T w o  m a j o r  types  o f  repea t  u n i t  u sua l ly  occur  
w i t h i n  any  i n d i v i d u a l  sea u rch in ;  o s t ens ib ly  each 
type o f  repeat  is i nhe r i t ed  f rom a different  paren t .  

Some  i n d i v i d u a l s ,  however ,  c o n t a i n  three  m a j o r  re- 
peat  un i t s  o f  different  sizes. The  types  differ f r o m  

one  a n o t h e r  in  repea t  l ength  a n d  in  res t r i c t ion  en-  
z y m e  m a p s  ( O v e r t o n  a n d  W e i n b e r g  1978), b u t  the 

repeat  un i t s  o f  a single type  are h ighly  h o m o g e n e o u s .  
U n t i l  n o w  n o  ac tua l  D N A  sequence  i n f o r m a t i o n  has  
b e e n  ava i l ab le  to gauge the  s imi l a r i ty  or d ive rgence  
of  repeats  e i ther  f rom a single c lus ter  o f  repeats  o r  
f rom clusters  f rom different  i nd iv idua l s .  S ince  all 
ev idence  ind ica tes  tha t  ve ry  large clusters  c o n t a i n i n g  
one  or two m a i n  repea t  types  are the  p r e d o m i n a n t  
sites o f  the genes,  we regard the  clusters  as alleles 
a n d  the sequences  p resen ted  be low as the  typica l  
repeats  o f  tha t  cluster.  

In  the work  p resen ted  here,  we c o m p a r e d  se- 
quences  o f  five copies  o f  the s ea  u rch in  ear ly  e m -  
b r y o n i c  H4  h i s tone  gene a n d  the s u r r o u n d i n g  spacer  
D N A .  T w o  copies  were de r ived  f rom a single in -  
d iv idua l ,  a n d  the  o the r  three  copies  were c loned  

f rom three  o the r  i n d i v i d u a l s .  W e  repor t  here  the  
ex ten t  a n d  loca t ions  o f  sequence  v a r i a t i o n  as well 

as the na tu re  o f  the m u t a t i o n a l  events .  The  da ta  
a l low the c o n s t r u c t i o n  o f  a l ineage o f  d ivergence  o f  
the five copies  a n d  ind ica te  tha t  there  has b e e n  n o  

r e c o m b i n a t i o n  be t w e e n  the genes o f  the two ob-  
served bas ic  sequence  pa t te rns .  

T h e  resul ts  p r o v i d e  the  first c o m p a r i s o n  of  repea t  
sequence  da ta  f r o m  different  i n d i v i d u a l s  a n d  differ- 
en t  c lusters  to i l lus t ra te  the  ex ten t  o f  h i s tone  gene 

sequence  d ive rgence  w i t h i n  a Strongylocentrotus  

purpura tus  p o p u l a t i o n .  

M a t e r i a l s  a n d  M e t h o d s  

Preparation and Restriction Enzyme Digestion of Sea Urchin 
DNA. DNA from the sperm of single S. purpuratus individuals, 
which we denote as 6S (obtained from Pacific Biomarine, Inc., 
Venice, California) and 7N (obtained from Peninsula Marine 
Biologicals, Sand City, California), was prepared by methods 
slightly modified from those of Stafford and Bieber (1975) and 
Joseph and Stafford (1976). Restriction enzymes (New England 
Biolabs or Bethesda Research Laboratories) were used as rec- 
ommended by the suppliers. 

Preparation and Screening of Sea Urchin Libraries. DNA li- 
braries were prepared from individual sea urchins by the method 
of Blattner et al. (1977), using the in vitro packaging protocol of 
Hohn and Murray (1977). Genomic DNA was digested with Sac 
I (which recognizes only one site within the S. purpuratus histone 
gene repeat unit) and cloned into the Sac I sites of the vector 
~,gt.kB (Thomas et al. 1974). Clones containing histone DNA 



were identified by hybridization to filter blots (Benton and Davis 
I977) with nick-translated pCO2A DNA. [pCO2A is a complete 
histone gene repeat unit, first cloned into the Hind I11 site of 
pBR313, and now recloned into pBR322 (Overton and Weinberg 
1978).] Three phage clones were selected for further study: two 
from individual 6S and one from the 7N library. A Barn HI 
fragment containing the complete H4 and H 1 genes, part of the 
H2A gene, and some phage DNA was subcloned from each phage 
into pBR322. The three subclones, designated 6S35, 6S46, and 
7N33, were used for sequencing. Additional details of the cloning 
will be provided elsewhere. The other clone that we sequenced 
was pCO2A, obtained from another sea urchin individual some 
years ago (Overton and Weinberg 1978). 

DNA Sequencing, Sequencing Strategy, and Computer Anal- 
ysis. DNA fragments were labeled either at the 5' end using 
polynucleotide kin ase (Maxam and Gilbert 1980) or at the 3' end 
using the Klenow fragment of DNA polymerase I or reverse 
transcriptase. For those enzymes that generate 3' overhangs, the 
3' end was labeled using the T4 DNA polymerase exchange re- 
action described by Maniatis et al. (1982). DNA fragments were 
isolated from polyacrylamide gels by electroelution and purified 
on small columns of Whatman DE53 cellulose. DNA sequencing 
was done by methods slightly modified from those of Maxam 
and Gilbert (1980). 

The strategy used to sequence the clones is shown in Fig. 1. 
Two of the four clones contain a 195-bp element that includes 
an Ava II site. The fragments labeled for sequencing were there- 
fore somewhat different for clones with and without the insert; 
only one example of each type is presented in Fig. IB and C. 
DNA sequences were analyzed using the SEQ programs described 
by Brutlag et al. (1982). 

Results  

Comparison of  Sequences 

The H 4 - H 2 B  spacer sequence was chosen for anal- 
ysis because we had previously found length and 
sequence polymorphisms  in this region (Overton 
and Weinberg 1978). The most  striking difference 
is an insert o f  195 bp that we found in 6 of  22 
individual sea urchins. This insert is a member  o f  
a family o f  intermediate repetitive sequences, and 
is present at many  other sites in the genorne (L.N. 
Yager, J.F. Kaumeyer ,  and E.S. Weinberg, manu-  
script in preparation). To compare  the natures, ex- 
tents, and sites o f  other mutat ional  events, we se- 
quenced the H4 gene and the surrounding region 
extending almost  completely across the H 4 - H 2 B  
spacer to just  5' to the H2B m R N A  T A T A  box (Fig. 
1). The sequence o f  approximately two-thirds o f  this 
region, derived from the pSp2 clone from the lab- 
oratory o f  L. Kedes, had already been published 
(Sures et al. 1978, 1980; Grunstein et al. 1981; Mau- 
ron et al. 1981). We sequenced four addit ional re- 
peats: the previously cloned and characterized pCO2 
(Overton and Weinberg 1978), two repeats repre- 
senting two major  repeat classes of  a single individ- 
ual sea urchin (6S46 and 6S35), and a major  repeat 
f rom another  individual (7N33). In total, five se- 
quences f rom four different individuals were corn- 
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pared. Two of  these sequences, 6S46 and 7N33, 
contained the 195-bp insert referred to above. 

The sequence o f  pCO2 in the region of  interest 
is shown in Fig. 2, starting 196 bp upstream from 
the A T G  initiation codon of  the H4 gene. A T A T A -  
type sequence, T A A C A A T A  in this case, is at - 103, 
and the cap site is at - 7 0  (Sures et al. 1980). The 
H4 coding sequence is 306 bp long and is followed 
by a 3' nontranslated sequence that probably ter- 
minates at base 370 within a region of  dyad sym- 
metry (Hentschel and Birnstiel 1981). The H 4 - H 2 B  
spacer o f p C O 2  extends to the end o f  the region that 
we sequenced. The H2B T A T A  sequence is I0  bp 
further downst ream from this point  (i.e., at base 
1385). The sequences for the three other repeats in 
the same region started at - 1 9 3 ,  - 1 4 4 ,  and - 1 1 1  
for 6S46, 6S35, and 7N33, respectively. The se- 
quence between bases 430 and 850 has not  previ- 
ously been published for pSp2 or any other repeat. 
The H 4 - H 2 B  spacer is an AT-r ich sequence, with 
the newly obtained sequence particularly AT-r ich 
(68%). In addit ion to the (CTA)7 sequence at bases 
1036-1056, there are regions o f  runs o f  other simple 
sequences ,  for example ,  (CT)5 at  3 2 1 - 3 3 0 ,  
(AAAG)2T(AAAG)2 at 413-429 ,  and (AT)3T(AT)2 
at 858-868.  In other areas, less perfect copies o f  a 
mot i f  are found, as is often the case in nontran-  
scribed D N A  sequences. When the Intelligenetics 
SEQ program (Brutlag et al. 1982) was used to search 
for regions o f  longer direct or inverted repeat se- 
quences, only one significant case was found: a 47- 
bp sequence at 491-537  homologous  to a 45-bp 
sequence at 564--608, with only three single-base- 
pair mismatches and four single-base-pair gaps. This 
spacer sequence appears to have been created by 
sequence duplication. 

Extent of Sequence Variation 

When the five sequences are compared,  59 sites o f  
variat ion are found. The pCO2 sequence in Fig. 2 
is keyed to show these 59 changes: A particular mark  
is placed at that point in the pCO2 sequence at which 
a difference is found in one or more  o f  the other 
three examples that we sequenced or in pSp2. O f  
the 59 sites containing a difference in sequence in 
at least one repeat, 48 involve simple base changes 
and 2 involve changes in two consecutive bases. At  
one o f  the sites (no. 19) there is a base substitution 
in one repeat and a single-base insertion/deletion in 
another  repeat; one of  the larger insertion/deletion 
sites (site A) also represents two different events. 
The 59 sites noted therefore represent at least 61 
different events. Figure 3 illustrates the actual 
changes. At  each posit ion that varies between any 
of  the five examples, the bases o f  all five sequences 
are given. The positions and specific sequences o f  
the larger insertions/deletions are given in Fig. 4A. 
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--190 -180 -170 -160 --150 -140 -130 
6CCACAAGGGGGCGCACTCGAATGGGGAGTCTCCGCAGTCCAGTCCCGCATACCGAACGATGCCGAATCT 

A ! 2 A  ? 3  4 A  
-1:o -11o -lOO -90 - s o  -7o...........~ -60 

CGTCnCCCAAGTCCGCAATGGTGTaAUAATACICGGTECAATCUGfTTGAS~CATCATTC~CTTAGCGTa 
SA �9 6T 7T 

-50 -40 -30 -20  --I0 1 
ATATCCAGTCTACAGGATCGCACAGAACTUGCTCTCAACTATCAATCATCATCATG TCA GGT CGA 

8T 
I0  20 30 40 50 60 
GGA AAA GGA EGA AAG GEA CTC GGA AAG 6GT GGT GCC AAA CGu CAT CGC AA6 GTT 

70 80 90 100 110 
eTA UEA EAT AA~ ATe CAA GEe ATe ACe AAG CCT GCA ATe CGT CGA CTT GUC AGA 

9T lOT l i t  
120 130 140 150 160 170 
AEE GGA GOT GTC AAG AGG ATe TCT GGT CTC ATe TAG GAA GAG ACA CGC GGT GTA 

180 190 200 210 220 
CTG AAG GTC TTC CTG GAG AAT GTC ATC CGT BAT GCA 6 T C  ACe TAg TGC GAG CAe 

230 240 250 2bO 270 
GCC AAG CGA AA6 ACT GTC ACA GCC ATG EAC GTG GTG TAT GCA eTA AAG AGG GAG 
12T 13T 

~8o 29o 300 ~1o ~2o 3~o 
GGT CGT ACA CTG TAG 86C TTC 6GC 66C TAAGTGTAGCAGACCTCTCT~TCTCCTNGCT 

14~ Is*AA, AA2 
~o ~5o 36o ~7o 38o 390 ~oo 
AGAATAACAAACGGCTCTTTTCAGAGCCNCCAAATAATCAAGAAAGAATACTGTTGTATGTTATGTTAAT 

�9 16T 
410 420 430 440 450 460 470 
ACCGT~AAGAAAGTAAAGAAAGGCAACAACGAATAATGACTGTAAATACCTCCCAGAAGAGGCGATATAG 

17t (la)Aa T.19 
480 490 500 510 520 530 540 
GGATTGGTATAEACAGATGAAAGECAAATCATGAAACAGAAAGCAGTGAATGAAATTTAGGTTSGSCAAG 
"I"20 C 
550 560 570 580 590 600 610 
AAGGSTGTGTCTATTCCAAAAGAAAGGCAGATTATGAAACAGAAAGCAGTAAGAAATTTAGTTAGAAATA 

A o  
620 630 640 650 660 670 680 
GTGTATAGACATTGGCATTTGTAGTATGANGGNCCTTATGTATETTTTCAACTGAAATTGAACATTGATT 

E 
b90 7 0 0  710 720 730 740 750 
GTATCAAAAG~GAATTATEATTT~TTTAAjCAAAAGTAAATGCTAGTTATTAAACAGCCTACTCTGT~z4~TA 

21~ 22 T23 
760 770 780 790 BOO 810 820 
AAAGATGCGAAATfiEATAAATACAAAATAAAAEATGCATGTTETTTTCATAATGATAATAGCTACTATGT 

T27 
030 2 4 "  840 850 860 a7o 2 5 ' e G o 2 6  8 9 0  
A A T T G T A T A G C G C T T A A T A C A G C G C T T T A G A T A T A T T A T A T A G G T T C C C T T T T T C A T T T G C T G T A A C C A A  

T28 A29 A30 ,~,tF (31-34) G 
900 910 920 930 940 950 960 
ATAATTTTGAAATACAATGTCAAAGAT~TTTCATTGCTCATTTCTGTTATATCATTACGTTTATTATTAT 
~ "  35T 
970 9~0 990 I000 I010 1020 1030 
TGTCTANCATTGTTTATATTGTGTGAGAAGAAATGAAAAATAAATTCGCTCTTTACATATAGAGAGA6CT 

36T 37T T3e " " H  
1040 1050 1060 1070 1080 1090 1100 
ACTACTACTACTACTACTATATAAGTATATATCTCCGAGATAATGTCAAAAGTAGGAGTGAATCATAACC 

A I T39 T40 
1 1 1 0  1120 1 1 5 0  114r 1150 1160 1170 
TGTGGAAGTATGTCTTGGATAAAAAGTCTCGACATGTTCCATATTCCCATCAAAATCATCGTUTTCTTCA 

41 T 42 A 
1 1 0 0  1 1 9 0  12OO I E 1 0  | 2 2 0  1 2 3 0  - 1 2 4 0  
ACTTTTTCACATTTCTCATTCTTTmG~GATTGAATTSACAATGCAGATAGATTCCTATATTAGAACNTAT 

43 T 44A 4sA 401 47T "48  
1250 1260 1270 1280 1290 13130 1310 
GUCCGTATGATCACTATGTCGCCATCTCTAGGCAGGGGATG~AACAG~CACTAATTCTGCGAC~CCTAAG 

49A --50 
1320 13~0 1340 1350 I~60 1370 
ACCAATGAAAG~ATCGAGACCGAGGUTCATTTGCATACG~ACCGCAGCATACGGATCC 

Fig. 2. Sequence of pCO2. Nucleotide posi- 
tions that differ in any of the other repeats are 
indicated by numbers (1-50) or letters (A-I). 
Arrows represent positions at which base sub- 
stitutions are found. Positions at which single- 
base insertions are found in another repeat are 
indicated by small numbered arrowheads. A 
position at which a base in pCO2 is not found 
in another repeat is indicated by an underline. 
Insertions/deletions larger than two bases are 
indicated by large lettered arrowheads and long- 
er underlined stretches, respectively 

The  greatest difference in sequence is found be- 
tween the pSp2 and 6S35 sequences.  I f  each inser- 
t ion /de le t ion  is regarded as equal to a base change,  
these sequences  differ in 31, or 3.0%, o f  the 1029 
bases compared.  O f  the other  pairwise compar i sons  
m a d e  be tween  sequences  (over  a longer region), the 
m a x i m u m  difference is 2.7% for 6S35 versus pCO2.  
The least difference is found between 7N33  and 6S46,  
the two  repeats that conta in  the inserted interme-  
diate repetit ive e lement .  These  sequences  differ in 
only  6 pos i t ions  (4 o f  which  are within  the 195-bp 
insert), or 0.34%, o f  the 1711 bp compared.  In total,  
one  can m a k e  ten pairwise compar i sons  be tween  
these five sequences.  Figure 5 indicates  the extent  
o f  variat ion between  any two sequences.  The n u m -  

ber o f  bases compared  in each case differs, owing  to 
(a) slight differences in the starting points  o f  the 
sequences  (e.g., the 7 N 3 3  sequence  begins at - 142 
instead o f - 1 9 6 ) ,  (b) the sequences  being slightly 
different in length due to the insertions~deletions, 
(c) 7 N 3 3  and 6S46 having  the extra 195-bp insert, 
and (d) availabil i ty o f  publ ished pSp2 sequence  for 
only  two-thirds  o f  the region compared.  It is clear 
from Figs. 3 and 5 that the sequences  fall into two  
groups, with 6S46,  7N33 ,  and 6S35 in one  group, 
and pCO2 and pSp2 in the other. The  6S46,  7N33 ,  
and 6S35 sequences  differ f rom one  another  by 
0.34%-0.67%, pSp2 and pCO2 differ by 1.6%, but 
the two  classes differ from one  another  by 2.5O/o - 
3.0%. We discuss these relat ionships below.  
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5'  Sp . . . .  . . ~ _ _ 5 ' l . I T +  Coding Seq . . . . .  _ ~ ' U T  ~1 + H 4 -  H 2 b  S p a c e r  

! 2 3 4_ 5_ 6 _7 8_ 9_ 1__9_0 l l  1_2 13 14 3_5 A 16 17 B 18 19 20 C D E 21 22 23 24 

6S46 _ r . C C a C T T C C T g + a C + a T + C T T 

7N33 0 0 0 0 0 C C A C T T C O T A = A C + A T + - - C T T 

6S35 0 r C C A C r T C G T C + A C + A A T - + - C T T 

pC02 C G T G T C C C A C C + A A .... C G + + T A C C 

pSp2 A T C C G G T A T C T T A T C - C A + 0 0 0 0 0 0 0 0 0 

25 26 27 28 29 30 F 31 32 33 34 G 35 36 37 38 H I 39 40 41 42 43 44 45 46 47 48 49 50 

6S46 T G C C TA . + C CC C C + T G A T - 12 T A C X T T A C T C T 

7N33 T G C C NN . + T TT T T + T G A T - 13 T A C T T A C T C T 

6S35 A G C C ... - ........... T G A T - 18 T A A T T A C T C T 

. . . . . . . . . . .  + A A T T + 7 G G C C T T T T pCO2 T T G T .. . 
pSp2 0 0 0 0 0 C ........... + A A T G + 5 T G C T C A T C N 

Fig. 3. Specific sites of  variation. The events indicated by symbols in Fig. 2 are summarized by listing the bases present at those 
sites the sequences of  all five repeats. Numbers 1-50 indicate sites that involve a one- or two-base insertion/deletion or substitution. 
Letters A-I indicate sites of  larger insertions/deletions. Pluses indicate that the sequence is present; minuses, that it is absent (Fig. 4 
details these insertions/deletions). A zero is entered where base sequence is not available, and dols indicate that the base is absent 
from that particular clone. At site A, the equals sign refers to a third variation at the site. An entry for position 18 is not given for 
pCO2 because deletion B has removed the stretch of  sequence containing this site. An "N" is entered if a base or bases are present 
but ambiguous (sites 29 and 48). An "X" is entered where the presence of  any base is in question (site 42). The numbers entered in 
column I indicate the number of  CTA repeals in the run 

A) A 1 
3 1 0  z 2 o  T ~.3o A 2 v  Z40 

pCo2 GTGTAGCAGAC CT . . . .  CTCTCTCT CCTN GCTAGAA 
IDSp2 GTGTAGCAGAC CT . . . . . . . . . . . . . . . . .  GCTAGAA 
6S4b GTGTAGCAGAA CT . . . .  CTCTCTCT CCTA GCTAGAA 
7N33 GTGTA~UAGAA GI-CTCTCTCTCTCT TTG. GCTAGAA 
6S35 GTGTAGCAGAA CT . . . .  CTCTCTCT CCTA GCTAGAA 

%s 
420 B 430 

pC02 GTAAAGAAAG . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  GCAACAACG 
pSp2 GTAAAGAAAGTAAAGAAAGAAGA. AGAAGAA 
6S46 GTCAAGAAAGTAAAGAAAGAAGAAABAAGAAGAAATAAGCCGTTAATATAAGGCAA. AACG 
7N33 GTCAAGAAAGTAAAGAAAGAAGAAAGAAGAAGAAATAAGCCGTTAATAT~AGGCAA. AACG 
6S35 GTCAAGAAAGTAAAGAAAG~AGAA~GAAGAAGAAA TAAGCCGTTAATTTAAGGCAAAAACG 

T17 1"~'8"8; - -  --% 
~ 0  540 C. 550 D 560 

pC02 AAATTTAGGTTGGGCAAGAAGGG . . . . . . . . .  TC~TGTCTA 

6S46 AAAT TTAGGTTGGGCAA~AAGGG . . . . . . . . .  TGTGTCTA 
7N33 AAATTTAG~TTGGGCAAGAAGGG . . . . . . . . .  TGTGTCTA 
6S35 AAATTTAGd . . . . .  CAAGAAGGGCAAGAAG~GT~T~T~TA 

E G 
730 740 BBO 890 

pC02 TTGAACATTGATTGTATCAA 
pSp2 
6546 /TGAACATCG . . . .  TATCAA 
7N33 CTGAACATC~ . . . .  TATCAA 
6S35 TTI3A~CATCG . . . .  TATCAA 

B ) H25 3' end 
7N33 
pSp2 

9OO 910 
TTTTTCATTTGCTGTAACCAAATAATTTT~AAAT 
TTTTTCATTTGCTGTAACCAAATAATTTTGAAAT 
TTTTTCATTTGCTGTAACCAAATAATTTTGAATT 
TTTTTCATTTGCTGTAACCAAATAATTTTGAATT 
TTTTTCA . . . . . . . . . . . . . . . . . .  TTTTGAATT 1"3s 

ACC AAG GCA GTG ACO AAA TAC ACT ACC TCC AAG TAG ACAGGTCATATCCTGC+CT 
ACC AAG GCA GTG ACG AAA TAC ACT ACC TCC AAG TAG ACAGGTCATATCCTGCTCT 

AATTGGACATAATACAAUGGCCCTTTTCAGGG~CACACAAATAATCAAGA 
AATTGGACATAATACAACGGCCXX . . . . . . . . . . . .  ACAAATAATCAAGA 

e3'  

H20 31end 
pC02 AAA ACC GCT AAA TCA AGC TAG . . . .  AGTTTGCTCCCG~CAATTATGAA~CCTCA 
pSp2 AAA ACC GCT AAA TCA AGC TAG ATAGA~3TTTGCTCCCGGCAATCTTGAAACCTCA 
bS46 A~A ACC GCT AAA TCA AGC TAG . . . .  AGTT~GCTCCCGGCAATCTTGAAACCICA 
7N33 AAA ACC GCT AAA TCA AGC TAG . . . .  AGTTTGCTCCCGGCAATCTTGAAACCTCA 
bS35 AAA ACC GCT AAA TCA AGC TAG . . . .  AGTTTGCTCCCGGCAATCTTGAAACCTCA 

Fig. 4A, B. Large insertions/deletions. 
A Sequences o f  the larger insertions/dele- 
tions indicated in Figs. 2 and 3. Missing 
stretches are shown by dotted lines; re- 
peiitive stretches are underlined. Single- 
base events occurring in the regions are 
indicated by arrows. B Comparison o f  
the 3' ends of  m R N A  regions in S. pur- 
puratus H2B and H2A genes compared 
in several individuals. The 3' terminus of  
the H2B m R N A  is indicated by an aster- 
isk 

Locations of Mutational Events 

A s  i n d i c a t e d  i n  F igs .  2 a n d  3, t h e  r e g i o n  i n v e s t i g a t e d  
c o n s i s t s  o f  t h e  H 4  m R N A  s e q u e n c e  ( i n c l u d i n g  t h e  
p r o t e i n - c o d i n g  r e g i o n  a n d  t h e  5' a n d  3' u n t r a n s l a t e d  

s tre tches ) ,  t h e  s p a c e r  5' to  t h e  H 4  g e n e ,  a n d  t h e  
s p a c e r  3' to  t h e  H 4  g e n e  ( w h i c h  w e  h a v e  d e s i g n a t e d  
t h e  H 4 - H 2 B  spacer) .  In  t w o  o f  the  repeats ,  th i s  spacer  
c o n t a i n s  t h e  1 9 5 - b p  insert .  D i f f e r e n c e s  can  be  i d e n -  
t i f i e d  in  e a c h  o f  t h e s e  r e g i o n s  as  i n d i c a t e d  in  T a b l e  
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Table 1. Variation in different sequence regions 

Number of bases Total Nucleotide % total % nucleotide 
Region in region" changes b substitutions changes ~ substitutions c 

H4 5' spacer 127 6 2 4.7 1.6 
H4 Y--untranslated 69 2 2 3.0 3.0 
H4 coding sequence 306 6 6 2.0 2.0 (7.1) d 
H4 3'--untranslated 64 2 1 4.6 1.6 
H4--H2B spacer 1005 39 21 4.0 2.1 
Insert 195 4 3 2.1 1.5 

Number of bases in pCO2 in that particular region 
b Changes in any clone tabulated for the respective region. Both nucleotide substitutions and insertions/deletions are counted 
c The number of total changes or nucleotide substitutions divided by the number of bases in pCO2 in that particular region 
d The 2.0% nucleotide substitution value for the coding region corrected for the percentage of all possible silent substitutions (Perler 

et al. 1980) 

No. BaLes Compared No. Sites Different Percent Di f fe rence  

7N33 6535 pCO2 pSp2 7N33 6S35 p C ~  p$~2 7N33 6S35 I oCO2 I ~e'la~ 

7N33 7N33 37  26  7N33 

6535 6535 [ 39 31 6535 

pCO2 pCO2 pCO2 

Fig. 5. Pairwise sequence comparisons. Left The number of 
bases compared was determined by counting the bases common 
to the two relevant clones in the sequence that was available. 
Middle The number of sites that differ are those sites in Fig. 3 
that occur in the available sequences of the two relevant clones. 
Right Percentage difference was calculated for each pairwise com- 
parison by dividing the number of sites that differ by the number 
of bases compared and multiplying by 100 

1, in which each o f  the 61 events  (at 59 sites) is given 
equal weight. Var ia t ion can be seen in each region: 
the coding sequence, nontranslated m R N A  region, 
5' and  3' spacers, and  the 195-bp insert. The  per-  
centages in Table  1 are based on the lengths of  the 
regions in pCO2  as shown in Fig. 2 (the insert  is 
not  present  in pCO2).  

An interesting result  is that  there are m a n y  base 
subsi tut ions in the coding region, all o f  which result 
in conserva t ive  (silent) codon changes. O f  the total  
base changes possible in the coding region, 28.3% 
are silent changes (Perler et al. 1980). Since there is 
absolute conserva t ion  o f  the H4  prote in  sequence, 
the observed  n u m b e r  o f  changes in the coding region 
mus t  be normal ized  by the percentage o f  silent 
changes i f  the level o f  divergence in the coding re- 
gion is to be c o m p a r e d  with that  o f  the other  regions. 
The  six nueleotide subst i tut ions in the coding region 
(2.0%) correspond to a corrected value o f  7.1%; it 
is this figure that  should be used for compar i son  
with other  regions (Perler et al. 1980). The  2.0% 
value is a lmos t  as high as the divergences in other  
regions; the 7.1% level is more  than twice that  o f  
any other  region. As was first shown by compar i son  
of  H4  histone genes o f  two species (Weinberg et al. 
1972; Birnstiel et al. 1974; Gruns te in  et al. 1975), 
there is apparent ly  little selective pressure on silent 

site changes, even though the protein sequence is 
absolutely conserved.  

O f  the six changes noted for the 5' spacer, five 
are within 40 bp of  the T A T A  box, indicating that  
this region is at least as mutab le  as other  areas sur- 
veyed. The  G - C  base  subst i tut ion at posi t ion - 9 1  
(site 6) occurs only 7-8  bp  downs t ream f rom the 
probable  T A T A  box. The  muta t ion  seen in the 5' 
nontrans la ted  region at posi t ion - 6 4  (site 7) occurs 
within 6 bp  o f  the cap site. Two  o f  the 64 base pairs  
in the 3' untranslated regions were found to vary.  
One o f  the positions,  site A, is a stretch o f  CTs that  
has undergone at least two kinds o f  change a m o n g  
the five repeats.  One type of  var ia t ion  is the expan-  
s ion/contrac t ion  o f  the CT s t re tch- - the  (CT)5 o f  
pCO2,  6S46, and  6S35 is reduced to (CT)I in pSp2 
and increased to (CT)7 in 7N33; the other  change 
resulted in a rep lacement  o f  C C T A  by  T T G  in 7N33. 
The  differences in pSp2 and 7N33 in the 3' untrans-  
lated region would result in a m R N A  length change 
o f  16 nucleotides. We have  also found insert ions/  
deletions in the 3' unt rans la ted  regions o f  other  sea 
urchin histone genes; for  example ,  compar i son  o f  
this region f rom the H2B genes o f  7N33 and pSp2 
showed a 12-bp length difference (see Fig. 4B). I t  is 
interesting that  o f  the 23 different histone genes ex- 
amined  by Hentschel  and  Birnstiel (1981), the pSp2 
H2B sequence was the only exception to the con- 
served dyad  s y m m e t r y  in the 3' unt rans la ted  region 
sequence. The  7N33 sequence in this region is vir-  
tually the same as the H2B sequence f rom the sea 
urchin  Psammechinus miliaris and  as the sequence 
o f  m o s t  o ther  histone genes o f  known sequence. The  
difference that  was no ted  for the H2B gene o f  S. 
purpuratus is therefore due to a po lymorph i sm.  We 
have  also found length differences in the 3' unt rans-  
lated region of  the S. purpuratus H 2 A  gene (see 
Fig. 4B). 

The  highest percentage o f  var ia t ion,  o ther  than  
at silent codon sites, was found  in the H 4 - H 2 B  
spacer, which contains  changes in 4.0% of  the po- 
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sitions. Only about  ha l f  o f  this var ia t ion  was due to 
nucleotide substi tution.  The  values indicated in Ta-  
ble 1 refer to the percentage o f  sites that  va ry  in any 
of  the clones; the greatest  difference in the H 4 - H 2 B  
spacer for any pairwise compar i son  is actually less 
than  4.0% (1.8% for base subst i tut ions and 3% for 
all changes). The  nucleotide subst i tut ion values in 
the spacer are thus lower than those for permi t ted  
silent subst i tut ions in the coding region. 

Nature o f  Mutational Events 

Spacer  D N A  is an advantageous  sequence for com-  
par ison o f  the relative frequencies o f  different kinds 
o f  muta t ion  in a natural  populat ion.  Although re- 
gions o f  the spacer region do have  a regulatory func- 
t ion (Grosschedl  and  Birnstiel 1980a,b), only very  
short  sequences are conserved in all sea urchin 
species (Hentschel  and  Birnstiel 1981; Maxson  et 
al. 1983a,b). Selection at the sequence level would 
appear  to be low, al though certain short  sequences 
(e.g., modu la to r  regions; Grosschedl  et al. 1983) or 
A T  content  might  be preserved.  Since there do not  
appear  to be constraints  on short  insert ions and  
deletions, the frequencies o f  these events  can be 
c o m p a r e d  with base subst i tut ions in the spacer re- 
gion. Table  2 lists the kinds o f  changes in the total  
region analyzed. The  59 posi t ions  o f  var ia t ion  (Fig. 
3) contain at least 61 different events,  with sites A 
and 19 showing two different muta t ions  at the same 
point.  Our  data  are consistent  with a Poisson dis- 
t r ibution,  which predicts that  for 59 o f  1711 sites 
undergoing at least one event,  1 or  2 sites would 
have  two events  and  all other  sites, one event.  
Therefore,  we would expect the level o f  ambiguous  
second muta t ions  (e.g., revers ions or parallel sub- 
stitutions) to be ext remely low. Muta t ional  site I is 
a special case, since there is a different n u m b e r  o f  
C T A  repeats in each clone; it is listed as a single 
event  in Table  2. 

O f  the 61 events  tabulated,  there are 35 single- 
base  subst i tut ions and 14 single-nucleotide inser- 
t ions/delet ions.  T w o  adjacent  bases are subst i tuted 
in 1 case and another  two are inser ted/deleted in 
another .  The  remain ing  l0  changes involve  larger 
inser t ions/delet ions (see Fig. 4). O f  the 35 base sub- 
stitutions, 21 are t ransi t ions and  14 are t ransver-  
sions. Transvers ions  are rarer  than  would be ex- 
pected i f  all possible base changes occur  with equal 
probabi l i ty  (the expected t ransvers ions / t rans i t ions  
rat io would be 2: l ,  which f rom our  data  would have  
a probabi l i ty  o f  < 0.01, X 2 = 9.78). All possible types 
o f  pairwise base changes have  occurred. Since the 
lineage o f  spacer divergence can be deduced (see 
below), it is possible to conclude the direct ion o f  
m a n y  o f  these changes: T to C, C to T, A to G, C 
to A, A to C, and T to G are found. I t  is also possible 

Table 2. Types of mutational events 

Base substitutions 
Transitions 

T--C 17 
G-A 4 
Total 

Transversions 
C-A 5 
T-G 4 
C-G 2 
T-A 3 
Total 

Two adjacent bases 
Total 

Insertions/deletions 
Single bases 14 
Two adjacent bases 1 
Larger insertions or deletions 7 
Expansion/contraction of a 

simple sequence 2 
Insertion of an intermediate repetitive element 1 

Total 

Total 

21 

14 

1 
36 

25 

61 

to de te rmine  that  o f  the 14 single-base inser t ions/  
deletions, 5 are insert ions and  2 are deletions. 

The  ten larger insert ions/delet ions are o f  several  
types. Event  F is an insert ion of  a 195-bp inter-  
media te  repeti t ive sequence into a progeni tor  o f  
7N33 and 6S46. Event  I is a family  o f  changes re- 
suiting in fluctuations in the size o f a  (CTA)n stretch, 
with n values ranging f rom 5 to 18. Event  A is also 
of  this nature,  resulting in a change o f a  (CT),  stretch, 
with n values f rom 1 to 8. Two  changes are due to 
duplicat ions o f  short  sequences: C A A G A A G G G  is 
dupl icated in 6S35 (event  D), and  A T T G  is dupli-  
cated in pCO2 (event E). Event  H could be either a 
dupl icat ion or a deletion o f  the repeated sequence 
A G A G .  Event  C is a 5-bp delet ion in clone 6S35 o f  
an imperfect  duplicate s e q u e n c e - - T T A G G T T G G G  
changes to T T A G G .  Event  B is a 33-bp delet ion in 
pCO2 o f  a sequence one boundary  o f  which occurs 
in the middle  o f  an A A G  or A A A G  repeat ing se- 
quence. Event  A 2 m a y  be a subst i tut ion o f  several  
bases in addi t ion to a change in the length o f  the 
(CT),  stretch in clone 7N33. Event  F (the 195-bp 
insertion) and  event  C (an 18-bp delet ion in 6S35) 
are the only cases o f  larger addi t ions/dele t ions  not 
correlated with a repeated sequence. 

The  195-bp insert ion is found at precisely the 
same site in 7N33 and 6S46. It  occurs between two 
opposi te ly  oriented T A T A T A G  sequences (real pal- 
indrome) .  There  are three C - T  differences and a 
C C - T T  change between 7N33 and 6S46, clustered 
at one end o f  the insert. [The sequences o f  the insert  
will be  publ ished elsewhere (L.N. Yager, J.F. Kau-  
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Fig. 6. Symbolic representation 
of sites shared between two or 
more clones. Open circles, posi- 
tions shared in all repeats except 
7N33, or present in the insert in 
7N33 hut not in 6546; closed 
circles, sites shared in all repeats 
except 6535; pluses, bases pres- 
ent in 6535, pCO2, and pSp2, 
but not in 6546 or 7N33; ar- 
rows, bases present in pCO2 and 
pSp2, but not in the other three 
repeals; Xs, bases singular to 
pCO2 or pSp2, or bases singular 
to pCO2 in areas for which pSp2 
sequence is not available. The 
195-bp insert is indicated in 
6S46 and 7N33. The (CTA)n 
stretch is indicated by a black 
bar 

pSp2 pCO2 6 5 3 5 6 5 4 6  7N33 

Fig. 7. Ancestry tree for sequence divergence. At each node the 
number of positions which differ between the branches is noted. 
The four differences within the insert are counted only for the 
6S46-7N33 branchpoint. The CTA stretch is counted once at 
each branchpoint. The pSp2-pCO2 branchpoint is positioned 
arbitrarily, since the pSp2 sequence is incomplete. (Nineteen dif- 
ferences between pSp2 and pCO2 are found in the regions for 
which sequence is available for both clones) 

meyer, and E.S. Weinberg, manuscr ipt  in prepara- 
tion).] The inserted element occurs at 30 -40  sites 
in every S. purpuratus genome, but  was found with- 
in histone gene repeats o f  only 6 of  the 22 individ- 
uals we screened. 

Spacer Lineage 

A surprising result is that  the mutat ional  events are 
not scattered randomly  among the five sequences. 

The sequences clearly fall into two groups, as shown 
in Fig. 6. The sequence o f  6S46 is used as the stan- 
dard for this analysis. As shown in Figs. 3 and 5, 
7N33 differs f rom 6S46 in only six positions: Four  
changes are in the insert, one is the (CTA)n stretch 
change, and one is the change designated A2. 6S35 
differs f rom these two very similar sequences at ten 
additional positions. Note  that not  one site is held 
in c o m m o n  between 6S35 and only pCO2 or only 
pSp2 (in those regions for which we have pSp2 se- 
quence). The arrows in Fig. 6 represent changes held 
in c o m m o n  between pSp2 and pCO2 but absent 
f rom the other three repeats. The " X " s  are either 
sites at which pCO2 and pSp2 differ from one another 
or are in areas in which pSp2 sequence is not avail- 
able; none of  these sites are changed in the other 
three repeats. It is likely that the "arrow class" is 
somewhat  underrepresented, since some of  the sites 
marked " X "  in pCO2 would probably also be found 
in pSp2 if  the missing sequence were available. 

These results allow the construct ion o f  the un- 
ambiguous lineage relationship shown in Fig. 7; no 
other arrangement  is consistent with the data. As 
can be seen from Fig. 3, 32 o f  the 59 sites were 
obtained from all five repeats and unambiguously  
require the lineage o f  Fig. 7. Other  sites were ob- 
tained for only four o f  the five repeats (mostly be- 
cause pSp2 sequence was not available); not  only 
are all o f  these consistent with the lineage, but in 
most  cases they require the scheme as drawn. 

For  this analysis A z and Az were considered two 
separate events (although at the same site), and the 
changes at position 19 were also denoted separately. 
The pCO2 class and the 6S46 class appear to have 
evolved separately for the period necessary to ac- 
cumulate the various mutat ional  differences be- 
tween them. During this period, there was no re- 
combinat ion  between the classes; thus one may  gain 
a reasonable idea o f  the t ime frame within which 



these units evolved. This subject is discussed below 
in further detai l  

Discussion 

Silent Codon Changes 
and Distribution of Mutational Sites 

All regions of the DNA stretch we examined contain 
polymorphisms. Changes in the coding region are 
due to silent site substitutions at six positions, a 
level of  variation as high as in the spacer regions. 
There is no evidence for the accumulation of  silent 
substitutions at a rate lower than that of  any other 
region of the repeat. A similar observation has been 
made recently for the alcohol dehydrogenase (Adh) 
gene of  Drosophila melanogaster, in which silent 
sites are more polymorphic than are introns or most 
of the flanking sequences (Kreitman 1983). In the 
case of  the human 6j3-globin gene region, compari- 
son of  several published sequences reveals only 2 
changes within 885 bp of  translated sequence (Poncz 
et al. 1983). The variation in 7101 bp of in t ron and 
flanking sequence is also low (0.54%), and the 
changes in the coding sequence are at a similar level 
(0.8%) when expressed as a percentage of  silent 
changes. In these cases, at least, silent site substi- 
tutions appear to be under as little selection as is 
the fastest evolving intron, flanking, or spacer se- 
quence. As pointed out previously in phylogenetic 
comparisons ofpreproinsulin and globin genes (Per- 
ler et al. 1980), silent changes are accumulated as if 
by a genetic clock over periods of  up to 85 million 
years (MY) at a rate of  0.5%-1% corrected diver- 
gence per MY. For sea urchin phylogenetic com- 
parisons, the rate of  silent substitutions varies from 
0.22% to 0.92% per MY (Busslinger et al. 1982). 
The first estimate of  this type was 0.3%-0.6% per 
MY for the sea urchin H4 gene (Weinberg et al. 
1972). Silent substitution polymorphisms may in 
some cases be as extensive as changes in any non- 
coding DNA sequence. Changes in spacer, intron, 
and nontranslated mRNA regions, however, would 
include insertion and deletion events that obviously 
would be highly deleterious in coding regions. The 
noncoding regions are more inclusive in the types 
of  mutations observed and are therefore an excellent 
source of  information about the relative frequencies 
of  different types of  spontaneous mutations. 

Spacer sequences are probably under some selec- 
tion, since particular stretches may serve regulatory 
(Grosschedl and Birnstiel 1980a,b; Grosschedl et al. 
1983) or structural roles. Although insertions and 
deletions do occur, it is striking that the "early" 
embryonic histone gene repeats of  all sea urchin 
species are of  fairly uniform length, 5-7 kb. Even 
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though the spacer sequences are not conserved, 
spacer lengths have been maintained over several 
hundred MY of  independent evolution. The H 4 -  
H2B spacer, for example, varies only from 880 to 
1350 bp in various sea urchin species (Kedes 1979). 
In our study, we found the distribution of  mutations 
within the spacer to be nonrandom. If  mutations 
are randomly distributed, the average distance be- 
tween mutational sites is expected to be approxi- 
mately 26 bases; however, three stretches of  more 
than 100 bases show no variation. Two of these 
stretches might be expected to show no variation, 
since they include coding sequence (bases - 3 7  to 
72 and 114 to 228), which places restraints on re- 
placement substitutions, but the third occurs be- 
tween bases 552 and 680 in the middle of the H 4 -  
H2B spacer. Furthermore, if we consider only nu- 
cleotide substitutions, the region without polymor- 
phisms extends from base 479 to base 704. 

We do find clusters of  mutations in particular 
regions of  the histone spacer (e.g., sites 2-5, 25-30, 
and 43-48, according to the numbering system of  
Fig. 2); a certain amount  of  clustering would be 
expected by chance alone, but these areas could rep- 
resent particularly mutable stretches. Site I is a mu- 
tational "hotspot":  It is a run of(CTA)n differing in 
each sequence we studied, varying from 5 to 18 
copies in the different clones. This is not a cloning 
artifact, since the different sizes of  the (CTA)n 
stretches are confirmed by Southern blotting (L.N. 
Yager, G.C. Overton, and E.S. Weinberg, manu- 
script in preparation). Results indicate that the S. 
purpuratus population contains repeats with (CTA)n 
stretches of different length; moreover, there are only 
two or three sizes of  (CTA)n-containing fragments 
per individual and the hundreds of  copies within a 
cluster are very homogeneous, with a (CTA), length 
of  (n _+ 1) typical for each cluster. 

Classes of Mutation 

Of  the 61 mutations detected, 36 were base substi- 
tutions and 25 were insertions/deletions of  various 
types. I f  we exclude the coding region, which would 
not accumulate frameshifts, there are 30 substitu- 
tions and 25 insertions/deletions. The insertions/ 
deletions, therefore, are quite frequent mutational 
events. Of  the substitutions, transitions outnumber 
transversions by 3:2, a ratio considerably higher than 
that found in the D. melanogaster Adh gene (Kreit- 
man 1983), but not nearly as extreme as the 32-fold 
ratio of  transitions to transversions found in human 
mitochondrial DNA (Aquadro and Greenberg 1983). 
The ratio obtained for the human ~/3-globin gene 
region, 16 transitions to I 1 transversions (Poncz et 
al. 1983), is very similar to our value, as are the 
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ratios of  transitions to transversions in pseudogenes 
(Gojobori et al. 1982). Transversions in nuclear 
DNA, although certainly not uncommon, thus ap- 
pear to occur at a lower rate than the 2:1 excess of  
transversions over transitions expected if each base 
change were to occur with equal probability. 

The most frequent type of insertion/deletion in- 
volves only one base pair. Of  the 14 positions in 
which such an event occurred, not one was a ho- 
monucleotide run. The eight single-base-pair inser- 
tions/deletions found in the human 5fl-globin region 
also did not involve such runs (Poncz et al. 1983). 
In contrast, the few single-base insertions/deletions 
in the D. melanogaster Adh gene were all at such 
runs (Kreitman 1983). In the sea urchin histone 
genes, we did not find variation in the length of  
homonucleotide stretches, although the sequence of  
pCO2 does contain (T)s, (A)5, (G)5, (T)4, (A)4, and 
(G), runs. Variation in the length of  a short repeat 
does, however, occur at sites A and I. Such expan- 
sions/contractions of short simple sequences have 
also been shown to be sites of  polymorphism in the 
D. melanogaster Adh (Kreitman 1983), human 613- 
globin (Poncz et al. 1983), and human insulin (Ull- 
rich et al. 1982) gene regions. A similar expansion/ 
contraction of  (CT)n occurs just 3' to the S. pur- 
puratus H2A histone gene (pCO2 versus pSp2, Kedes 
1979; 7N33, L. Yager, unpublished observations). 
Such runs have been proposed as sites of recom- 
bination between repeat units within a histone gene 
cluster (Kedes 1979), but we feel that the great ho- 
mogeneity of  length of  such runs in repeats of  a 
single cluster makes this highly unlikely (L.N. Yager, 
G.C. Overton, and E.S. Weinberg, manuscript in 
preparation). 

Of the remaining insertions/deletions, we found 
a single instance involving 2 bp, one insertion of  an 
intermediate repetitive element (site F), a deletion 
that includes a repetitive mot i f  (site B), and three 
simple duplications or deletions of  short sequence 
(sites C, D, and E). Only one deletion, of  18 bp, is 
not explicable by misalignment during replication 
(Streisinger 1966), and no particular secondary 
structure (e.g., Ripley 1982) has been found that 
might explain this deletion. 

Reliability of  Comparisons 

The complete mRNA stretch and most of  the H 4 -  
H2B spacer has been sequenced on both strands 
(Fig. 1). Certain regions, for example, the 3' end of  
the H4-H2B spacer downstream from the Taq I site, 
have been sequenced on only one strand. Although 
these areas might be less reliable, we do find that 
the extent of  variation, the lineage relationships, and 
the types of  mutations found are identical to those 
of  the bulk of  the sequence. Furthermore, the three 

separate clones 7N33, 6S46, and 6S35 give identical 
sequences in these regions, as does another example 
of the 7N33 type sequence that has been inde- 
pendently cloned from a 7N library. We are there- 
fore confident of  the indicated differences between 
the pCO2-type and 6S35-type sequences. We did 
not sequence any part of  pSp2, but the published 
sequence appears to be highly reliable. Most of  the 
bases in pSp2 that differ from the 6S35-type se- 
quence are also found in pCO2. In some cases a base 
in pSp2 differs from that in pCO2 but is found in 
the 6S35-type sequence. Only 11 sites are singular 
to pSp2; 2 of  them (nos. 48 and 49) result in a change 
in restriction enzyme recognition sites. We have 
confirmed these 2 changes, and it is likely that the 
others are correct. 

Evolution o f  the Cluster 

Although sequence polymorphisms are found in his- 
tone genes of  different sea urchin individuals of  a 
particular species, the linked repeats of  a cluster are 
highly homogeneous (Overton and Weinberg 1978). 
This has now been shown at the level of  direct 
DNA sequence by comparison of  repeats from the 
same cluster (L.N. Yager, G.C. Overton, and E.S. 
Weinberg, manuscript in preparation). The evi- 
dence presented here indicates that despite the uni- 
formity within a cluster, variation between the re- 
peats of  different individuals can be as high as 3% 
of  the nucleotide positions. The variation, however, 
is not uniformly spread among all the genomes in 
a population. The lineage of  divergence presented 
in Fig. 7 could only be possible if  recombination 
between the pCO2-type and 6S35-type sequences 
had not occurred during the period necessary to 
accumulate the variation seen. The two types of  
sequences can be regarded as different haplotypes 
that have been maintained apart for several million 
years. We would call the lineage relationship within 
such nonrecombining stretches a haplotypic tree. 
This term would include the evolution of "frame- 
works" found for the human 613-globin genes (Orkin 
et al. 1982) and in tracing the sites of  recombination 
between different haplotypes (e.g., Kxeitman 1983). 

There are several possible explanations for the 
lack of  recombination in the H4 gene region; the 
simplest, that the individuals are from geographi- 
cally isolated populations, can be ruled out, since 
individuals 6S and pCO2 were both collected in the 
Los Angeles area, whereas 7N was collected near 
Monterey. (The source of  pSp2 is not certain.) The 
6S35-type and pCO2-type sequences are therefore 
derived from individuals from the same area. The 
195-bp insert is found in the populations in both 
areas, indicating gene flow between the "northern" 



and "sou thern"  populat ions at a t ime far later than 
that o f  the divergence o f  the two major  types o f  
sequence. 

A second possibility is that the pCO2- and pSp2- 
type repeats are organized in minor  clusters on dif- 
ferent ch romosomes  from those o f  the major  re- 
peating class, which might preclude recombinat ion 
or conversion with the 6S35-type cluster. Southern 
blots are not  available for the individuals f rom which 
pCO2 and pSp2 were cloned, as these were der ived 
f rom the D N A  of  several individuals many  years 
ago. However ,  it is unlikely, considering the large 
number  o f  copies within major  clusters, that copies 
o f  minor  clusters would be the first two S. purpur- 
atus histone gene regions independent ly  cloned. 

The third possibility, which is the one that we 
favor, is that there is very little recombinat ion  or 
convers ion between the allelic clusters during mei- 
osis. Recombina t ion  within the tandemly repeated 
yeast r ibosomal  gene cluster has been reported to 
be suppressed during meiosis (Petes and Botstein 
1977); there may  in fact be a general suppression o f  
meiot ic  recombinat ion  between gene clusters. This  
is in great contrast  to the homogenizing events that 
must  occur within clusters, perhaps by sister-chro- 
mat id  exchange or gene-conversion events (Smith 
1974, 1976; Scherer and Davis  1980). The  homog-  
enization events must  be extremely rapid in com- 
parison with recombinat ion  or gene convers ion at 
meiosis and with the rate o f  mutat ion.  No  special 
homogenizat ion (e.g., "molecula r  dr ive";  Dover  
1982) of  the repeated histone genes within the species 
appears to occur, since the est imated 4% divergence 
o f  single-copy D N A  among sea urchin individuals 
(Britten et al. 1978) is similar to the divergence found 
in the repeated histone genes. A compar ison o f  the 
sequences o f  specific single-copy genes f rom differ- 
ent sea urchin individuals would be informative.  

We can roughly gauge the t ime over  which the 
mutat ional  events have accumulated in the 6S35- 
and pCO2-type repeats. Phylogenetic studies indi- 
cate that silent codon changes occur in the sea urchin 
early histone genes at about  0 .22%-0.9% per MY 
(Busslinger et al. 1982). The  most  relevant  com- 
parison is o f  the " N o r  5"  gene cluster o fS .  drobach- 
iensis (there are two early gene clusters in this species) 
with that  o f  S. purpuratus. These species diverged 
4-6  MY ago and during this period accumulated 6% 
(corrected value) silent codon changes in the H3 
gene (Busslinger et al. 1982). Changes in spacers 
(H2B - H3  spacers were compared)  are quite a bit  
higher, 11.2%. The variation, based on spacer di- 
vergence, found within the S. purpuratus populat ion 
is therefore about  one-fourth that between these two 
species. The different S. purpuratus cluster types 
could therefore have diverged at least 1 MY ago. 
The silent changes, however,  are as extensive within 
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the S. purpuratus populat ion as between S. purpur- 
atus and S. drobachiensis, indicating that divergence 
o f  the cluster types may  have occurred even earlier. 
Surprisingly, some o f  the nueleotide differences not- 
ed for the Nor  5 and pSp2 sequences (pSp2 was the 
S. purpuratus repeat used for the interspecies com- 
parison) are polymorphic  in S. purpuratus. One 
wonders  whether  many  o f  the differences between 
the two species are still po lymorphic  in both  pop- 
ulations. I f  this were true, comparisons of  single 
units f rom two species would not  be an accurate 
way to measure muta t ion  rates and /o r  divergence 
t imes (Templeton et al. 1981). This  factor must  be 
considered when evaluating all previous sequence 
comparisons  between closely related sea urchin 
species. 

In conclusion, we have presented here the first 
compar ison at the nucleotide sequence level o f  cop- 
ies o f  reiterated genes der ived from different indi- 
viduals o f  a natural population. As expected, the 
variat ion found among these units is much  greater 
than among units within a cluster. Pail-wise com- 
parisons o f  the units that we sequenced revealed that 
the var ia t ion was not  equally distr ibuted among dif- 
ferent genomes. An unambiguous  pars imonious  tree 
could be constructed,  indicating that the regions that 
we studied were evolving as haplotypes. We con- 
clude that most  of  the variat ion among histone gene 
units o f  different clusters does not  originate at mei- 
osis by gene convers ion or imprecise crossing-over 
or conversion events. Po lymorph i sm is found to 
occur in all regions o f  the sequence, including the 
coding region. The  variat ion within the populat ion 
is fairly high, about  one-fourth to one-half  that found 
between S. purpuratus and S. drobachiensis, species 
that  diverged some 5 MY ago. Homogeniza t ion  o f  
the histone gene repeats occurs within the cluster, 
but  not  at the populat ion level, since much  o f  the 
neutral  divergence accumulated since speciation is 
still present. Further  sequence informat ion  will be 
useful in learning about  the evolut ion o f  the gene 
cluster and the history of  S. purpuratus during its 
divergence f rom the species most  closely related to 
it. 
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